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Abstract. The origin of the cold water that forms a layer at intermediate depths in the 
Gulf of St. Lawrence has been examined. Bathythermograph data were used for the period 
1952-1962 and hydrographic station data for the period 1956-1962. The geographic distribu- 
tion of temperature of the core of the layer shows that the cold water does not enter the 
gulf through Cabot Strait. The correlation of average winter air temperatures and cold layer 
temperatures indicates that in situ winter cooling is the dominant mechanism which produces 
the cold layer. The only external source is an inflow of Labrador water through Belle Isle 
Strait, indicated by current data and summer and autumn modifications to the layer. This 
source accounts for only 14% of the volume of the cold layer at the end of the cooling season. 


Introduction. A distinctive feature of the 
waters of the Gulf of St. Lawrence is a cold layer 
at an intermediate depth containing a large vol- 
ume of water close to 0°C which extends 
throughout the gulf and into the waters outside. 
Temperature minimums at depths of 70-12 m 
are not an uncommon oceanic phenomenon; 
they occur in high latitudes [Deacon, 1937] 
and also in subtropics and tropics [Roden, 
1964]. The cold layer in the Gulf of St. Law- 
rence is a particularly striking example of this 
phenomenon because of its persistence and its 
large temperature contrast. In summer, temp- 
eratures less than 0°C are found only 70 m be- 
low the surface which may be at a temperature 
as high as 16°C. 

Sandstrom [1919], in his study of data col- 
lected during the 1914-1915 Canadian Fisheries 
Expedition, described it as the most remarkable 
feature of the Canadian Atlantic area. He con- 
sidered it to be the result of ice melting in the 
Gulf of St. Lawrence and in the Arctic. Tremb- 
lay and Lauzier [1940] stated that the cold 
water originated in the Greenland and Labrador 
seas and entered the gulf through Cabot Strait. 
Lauzier and Bailey [1952], in a study of sur- 
face waters in the gulf, concluded from salinity 
considerations that at least one-third of the layer 
was formed in situ. Later, Lauzier [1957] esti- 
mated that at least half of the cold layer in the 
winter of 1956 was formed in situ. Since 1957, 
considerable additional data have been collected 
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which make it possible to make a more detailed 
study of the mechanism of the formation of the 
cold water. 

Area of study. The area included in this 
study is shown in Figure 1. The Gulf of St. 
Lawrence has two connections to open ocean: 
Cabot Strait in the south, with a depth of 460 m 
and a cross-sectional area of 3.5 X 10’ m’, and 
Belle Isle Strait in the northeast, with a sill 
depth of 60 m and a cross-sectional area of 
1.0 x 10° m’. 

The dominant bathymetric feature of the 
area is the deep channel known as the Lauren- 
tian Channel that runs from the edge of the 
continental shelf into the gulf and continues 200 
miles into the St. Lawrence River. A branch 
called the Esquiman Channel runs to the north- 
east, and a sub-branch extends to the north of 
Anticosti Island. 

The gulf has a water area of 1.77 X 10° m’ 
of which 53% is deeper than 100 m and 30% 
deeper than 200 m. The area in the southwest, 
known as the Magdalen Shallows, is the only ex- 
tensive shallow region. 

General features of gulf waters. The general 
features of the temperature structure of the 
waters of the Gulf of St. Lawrence are shown 
by a set of typical monthly bathythermograph 
(BT) traces in Figure 2. The traces are arbi- 
trarily displaced and the individual tempera- 
ture scales omitted. On the basis of tempera- 
ture, the water column can be divided into 
three layers. There is a surface layer which 
has an annual temperature range of —1.7 to 
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Fig. 1. Chart of the Gulf of St. Lawrence. 


16°C, a cold intermediate layer in which the 
minimum temperature has an annual range of 
approximately —1.7 to 1.5°C, and a bottom 
layer with a temperature maximum of about 
5°C which has little or no seasonal temperature 
variation but has a long-term variation of a 
degree or more. The surface layer and the cold 
intermediate layer develop into a single, thick, 
cold layer during winter. Vernal warming of 
the surface produces a warm layer above the 
cold layer and results in an extremely strong 
thermocline. The resulting vertical density 
gradient effectively isolates the cold layer from 
the warm surface layer. The minimum tempera- 
ture marks the core of the cold layer, and in 
this study the vertical extent of this cold layer 
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is arbitrarily defined to be between the 1.5°C 
isotherms. 

Typical temperature, salinity, and density 
profiles are plotted in Figure 3. These show 
that the water column is stable. In particular, 
at depths below that of the temperature mini- 
mum the increase in density caused by the in- 
crease in salinity overrides the decrease in den- 
sity caused by the increase in the temperature. 
Surface salinities range from 27 to 32%, the 
lower values occurring in the vicinity of Gaspé 
and the southwest gulf. There is a seasonal 
minimum, resulting from the spring freshet of 
the St. Lawrence River, that moves across the 
southwest area, reaching Cape Breton by late 
summer. 

The bottom layer of water was shown by 
Lauzier and Trites [1958] to be produced in 
the deep Laurentian Channel outside the gulf 
and supplied as a slow but constant movement 
along the bottom of the deep channel, pene- 
trating the gulf and the St. Lawrence River as 
far as the mouth of the Saguenay River (250 
mi from Gaspé). Although the deep water un- 
doubtedly plays an important part in the com- 
plete circulation of gulf and river water, the 
present study showed only small exchange be- 
tween the cold layer and the bottom layer. 

Statement of problem. The object of the 
study was to determine the origin of the cold 
water. There are three possible sources for this 
water: (1) an inflow of Labrador water through 
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Fig. 2. Typical monthly BT traces for the Gulf of St. Lawrence. The individual tempera- 
ture scales have been omitted for simplicity. The broken line joins the 1.5°C temperatures 


and is taken as the boundary of the cold water. 
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Fig. 3. Typical salinity, temperature, and depth 
profiles for the Gulf of St. Lawrence. 


Cabot Strait, (2) in situ cooling, and (3) an 
inflow of Labrador water through Belle Isle 
Strait. 

The gulf lies in an area where the winters are 
sufficiently severe to produce extensive ice for- 
mation. It is obvious, therefore, that some water 
is cooled in situ. 

The possible inflow of Laborador water 
through Cabot Strait is suggested by the surface 
current distribution and the apparent continu- 
ity of the cold layer from Cabot Strait eastward 
across the Grand Banks to the Labrador cur- 
rent. Dawson [1913] in summarizing currents 
in Cabot Strait considered the inflow at Cape 
Ray as a ‘continuation of the general westward 
tendency of the water along the south coast of 
Newfoundland.’ 

The inflow of water through Belle Isle Strait 
is indicated by the movement of ice into the 
gulf [Black, 1962] and the occurrence of sub- 
Arctic plankton forms in the northeastern gulf 
[Huntsman, 1951]. However, as the strait is 
both shallow and narrow, the contribution from 
this source generally has been considered to be 
small. 

In the following sections we examine the 


1605 


relative contribution of these three possible 
sources by studying the available temperature 
and current data. The salinity data provided no 
useful information. In the simplest terms, the 
core of the cold layer would be expected to 
show an increase in temperature as the dis- 
tance from the source area increases. 

Cabot Strait inflow. Bathythermograph data 
from 43 cruises made by the Atlantic Ocea~- 
nographic Group, the U. 8. Coast Guard, and 
the Naval Research Establishment covering the 
period 1952-1962 have been used in construct- 
ing charts showing the synoptic temperature 
distribution at the core of the cold layer and 
its average temperature distribution for three 
seasonal periods. Using data from the core en- 
sures an examination of the same relative part 
of the cold layer even though the layer varies 
in thickness and depth both in time and dis- 
tance. The same general temperature distribu- 
tion was found in the synoptic and average 
plots. The average temperature plots for the 
three periods are presented in Figures 4a, ), c. 
They are based on data for 1956-1962, grouped 
by degree-squares and by months as indicated 
in the figures. All the plots show a decrease in 
temperature from Cabot Strait into the gulf. 
With the average temperature at the core of 
the Jayer always higher at Cabot Strait than 
in the gulf, it follows that the cold layer was 
not produced by the inflow through this strait. 
That this was not recognized earlier is due to 
the smallness of the temperature difference be- 
tween Cabot Strait and the central gulf, the 
irregularities in the depth of the cold layer, and 
the use in conventional studies of data from 
discrete standard depths. 

In situ cooling. The annual temperature 
cycles at the core of the cold layer in Cabot 
Strait, the central gulf, and Gaspé Passage are 
shown in Figure 5. Each point represents the 
average of the minimum temperature of the 
BT observations made on a single crossing of 
each section. On the basis of the consistency 
of the results of six consecutive crossings of one 
section, the probable error has been estimated 
to be Jess than 0.2°C. The annual cycle is most 
completely shown in Cabot Strait, for which 
the greatest quantity of data was available. The 
period of winter development of the layer com- 
menced in December and continued into March. 
This was followed by a gradual increase in 
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temperature amounting to 0.2°C per month 
from April to November. 

In the central gulf and Gaspé areas, the 
average minimum water temperatures were the 
same and in all three areas the seasonal cycles 
were in phase. The minimum in the average an- 


70° 


FEB ~ MAR (956 
MAR 1958 
APRIL= MAY 1960 
MAY 1956 


JUNE 1957 
JUNE 1959 
JUNE 1960 
JULY 1989 
JULY 1961 


AUG 1954 
AUG 1956 
AUG- SEPT 1960 
SEPT 1960 


ee, ee A 








OCT -NOV (956 
ocT i958 
ocT 1959 
NOV 1956 
NOV-DEC 1960 














70° 65* —_ 60° 35° 

Fig. 4. Geographic distribution of the average 
temperature of the core of the cold layer for three 
periods. Minimum temperatures from the cruises 
listed were averaged for each degree square. 
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nual temperature curve occured in late March 
(+2 weeks), which is also, to the same ac- 
curacy, the end of the season of net heat loss 
from the water in these latitudes. These con- 
ditions pointed to in situ cooling rather than 
an outside source as the dominant mechanism 
that produced the layer. If water from the 
Labrador coast entering the gulf either through 
Belle Isle Strait or Cabot Strait were the prin- 
cipal constituent, the layer would not have 
reached its minimum temperature until 4 to 6 
weeks after the end of the cooling season. 

If in situ winter cooling is the main cause of 
the cold layer in the gulf, the temperature of 
the layer in spring should reflect the severity of 
the previous winter's cooling. The data were 
examined to determine the correlation between 
these two quantities. There were very few cold- 
layer temperatures available for the spring 
period, but, as the average temperature of the 
core appeared well behaved during the summer, 
a set of summer temperatures provided a good 
relative indication of the spring temperatures. 
The values used were the April to October data 
for the Gaspé and central gulf sections pre- 
viously shown in Figure 5. Each point was ex- 
trapolated to a common date (July 15) by using 
the average heating rate of 0.2°C per month. All 
values for a given year for the two sections were 
averaged. The average winter air temperature 
for December to March at the Magdalen 
Islands was used as a measure of the severity 
of the winter cooling. Air temperature data were 
from the Monthly Record of the Meteorological 
Branch. That air temperature, at least in winter, 
is a good index of the cooling rate is shown by 
the comparison of the heat budget data from 
Lauzier and Graham [1958] and average air 
temperatures (Monthly Record) for the north- 
west gulf in Figure 6. There is a correlation co- 
efficient of 0.95 between these values. 

The average core temperature for each year 
from 1952-1962 is plotted versus the corre- 
sponding average winter air temperature in 
Figure 7. These variables have a correlation of 
0.87. The same water temperatures are plotted 
versus the average winter air temperature 
along the Labrador coast in Figure 8, and the 
correlation between these variables is 0.68. The 
fact that the summer temperatures of the core 
of the cold layer in the gulf correlated well with 
the previous winter’s average air temperature 
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in the central gulf and less well with the Labra- 
dor coast air temperatures lends considerable 
support to in situ cooling as the main mecha- 
nism by which the cold water in the gulf is pro- 
duced. 

Belle Isle inflow. The third possible source 
of the cold layer of water is an inflow through 
Belle Isle Strait. Qualitative evidence cited 
above strongly indicates the existence of such 
an inflow. The influence of the inflowing water 


CENTRAL GULF 


TEMPERATURE (°C) 


1607 


on the character of the cold Jayer is closely 
proportional to the volume of inflow, since its 
temperature is not more than 0.5°C lower than 
the in situ cooled water over much of the gulf. 
The hydrographic station data were too few 
to permit flow determinations from considera- 
tion of temperature and salinity, and the maxi- 
mum inflow was estimated from the current and 
sea-level data analyzed by Farquharson [1962]. 
Extrapolated mean sea-level differences at the 








JAN FEB MAR 


APRIL MAY JUNE 


SEPT ocT NOV OEC 


JULY AUG 


Fig. 5. Annual temperature cycle at the core of the cold layer for three gulf areas. Each 
point is the average of three to ten observations taken over a period of a few hours. The 


year of observation is given for each point. 
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Fig. 6. Monthly heat budget totals for an area 
in the Gulf of St. Lawrence taken from Lauzier 
and Graham [1958] are plotted versus average 
monthly air temperatures for the same area cal- 
culated from data published by the Canadian 
Meteorological Branch. 





ends of the strait for a 19-year period indicate 
that on the average the current flowed inward 
from January to May and outward from June 
to November. Farquharson’s [1962] data show 
near-surface residual current speeds averaging 
24 cm/sec inward and 22 cm/sec outward dur- 
ing the one period for which a complete set of 
measurements was available. The residual cur- 
rents appeared to be homogeneous both across 
the strait and in depth profile. 

On the basis of these data, the average rate 
of inflow during the January to May period was 
estimated as less than 30 cm/sec. Using this 
value for the whole cross section of the channel 
provides an estimated upper limit for the in- 
flowing volume of 2.4 X 10” m® for the period 
of cold layer development. The total volume of 
the cold layer in March, as defined by the 1.5°C 
isotherm, was 17.3 x 10” m*. Hence the cold 
layer contained no more than 14% of externally 
cooled water at the end of March when the 
temperature was a minimum. The contribution 
of the inflow during the remaining part of the 
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Fig. 7. The mean midsummer temperatures of 
the core of the cold layer (Gaspé and the central 
Gulf of St. Lawrence combined) are plotted versus 
the mean winter air temperatures at the Magda- 
len Islands, 


inflow period, April to May, was 1.2 x 10” m°, 
making a total inflow of 3.6 X 10” m*. Because 
there were insufficient data to permit us to cal- 
culate the reduction in the total volume of the 
cold layer by surface warming during April and 
May, it was not possible to compute the maxi- 
mum proportion of externally cooled water in 
the cold layer at the end of May. 

Vertical extent of the cold layer. The aver- 
age depths of the 1.5°C isotherms at four loca- 
tions for the year 1956-1962 are shown in Fig- 
ure 9. The standard deviations ranged from 
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Fig. 8. The mean midsummer temperatures of 
the core of the cold layer (Gaspé and the cen- 
tral Gulf of St. Lawrence combined) are plotted 
versus the mean winter air temperatures for the 
southern Labrador coast. 
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Fig. 9. Average depths of the top and bottom 
of the cold layer as defined by the 1.5°C isotherm 
for four areas at three periods of the year. 


10 to 15 m. The average depths of the 1.0°C 
isotherms followed the same pattern. 

At the upper boundary, in all areas through 
summer and autumn the downward mixing of 
heat entering the water column through the 
surface eroded the top of the cold layer. By 
this process the top of the layer became deeper 
and the volume of cold water proportionately 
smaller. 

At the lower boundary the changes are more 
varied. In the Gaspé area and just outside 
Cabot Strait, the boundary decreased in depth, 
indicating a decrease in the volume of cold 
water. In the central gulf the boundary showed 
a small gradual increase in depth, and at Cabot 
Strait there was a decrease in depth of the 
lower boundary from spring to summer and an 
increase from summer to autumn. The deepen- 
ing of the lower boundary during summer and 
autumn in the central gulf and during autumn 
in Cabot Strait may indicate a movement of 
cold water from the Belle Isle Strait area of 
the gulf into these two areas. However, since 
the depth changes are of the same magnitude as 
the standard deviation, this movement is not 
proved, and a requirement exists for more fre- 
quent surveys of the area to determine in de- 
tail the temporal changes of the character of 
the cold layer in certain key areas of the gulf. 

The average salinities of the 1.0 and 1.5°C 
water for each area and season were examined 
in an attempt to characterize the cold water 
and reveal the presence of intruding water. The 
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mean values of the salinities in the 1.5°C water 
ranged from 33.15 to 33.82%, with standard 
deviations from 0.1 to 0.2%. Because of this 
spread in the data, no conclusions could be 
drawn. 

Summary. The cold layer of the Gulf of St. 
Lawrence is largely the product of in situ cool- 
ing that occurs during the winter months. At 
the end of March, it exists as a thick, nearly 
isothermal Jayer extending from the surface to 
an average depth of 143 m, of which not more 
than 14% is of outside origin. At this time, the 
layer reaches its lowest temperatures, 0 to 
—1.7°C, the temperature increasing from north 
to south. 

Commencing in April, a2 warm surface layer 
develops, reducing the thickness of the cold 
layer and insulating it from the inflowing heat 
by a strong density gradient. Thus protected, 
the layer exists during summer and autumn 
with only small changes in temperature and 
volume. In three representative sections, the 
average minimum temperature increases at the 
tate of 0.2°C per month and the average thick- 
ness decreases by 5-10 m from summer to au- 
tumn. 

Cold layer temperatures in Cabot Strait are 
about 1°C higher than those in the central 
gulf or Gaspé Passage. Because the water that 
enters the gulf through Cabot Strait acts as a 
moderating influence on the cold layer tem- 
peratures in the southeastern gulf area, it can- 
not be the cause of the cold layer. 

The incursion through the shallow strait of 
Belle Isle is the only source of outside water 
which has low enough temperature to con- 
tribute to the development and maintenance of 
the cold layer. Its volume is small, however, 
accounting for less than 14% of the cold layer 
at the time of minimum temperature in March. 
Modification of the layer by water from this 
source during the months after March is not 
apparent at the level of the core of the layer, 
but there is a possibility of a movement of 
cold water into the lower level of the cold 
layer in the central gulf and Cabot Strait in 
summer and autumn. 
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